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(57) Abstract: A nuclear power plant makes use of a high temperature gas cooled reactor. Under certain circumstances, the possi- 
bility exists that the temperature of gas entering various components of the plant exceeds desired operating parameters. To prevent 
this, the temperature of the gas entering at least one of the components of the power plant is monitored and, should the temperature 
of the gas exceed a predetermined temperature, cooler gas is mixed with the gas whose temperature had exceeded the predetermined 
temperature, to reduce the temperature of the gas. Accordingly, the plant includes at least one coolant feedline leading from a source 
of coolant gas, typically at a point in the power generation circuit where the temperature of the gas is relatively low, to a position 
upstream of the component. A coolant valve is mounted in the coolant feedline to regulate the flow of coolant gas therethrough. 
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NUCLEAR POWER PLANT AND METHOD OF OPERATING THE SAME 



THIS INVENTION relates to a nuclear power plant. More 
particularly it relates to a method of operating the nuclear power plant. 

According to one aspect of the invention, in a nuclear power plant 
5 which uses gas as the working fluid, there is provided a method of 
operating the nuclear power plant, which includes the steps of 

monitoring the temperature of the gas entering at least one of the 
components of the power plant; and 

if the temperature of the gas entering the at least one component 
10 of the power plant exceeds a predetermined maximum temperature, 
mixing cooler gas with the gas whose temperature has exceeded the 
predetermined maximum temperature, to reduce the temperature of the 
gas before it enters the at least one component. 

When the nuclear power plant includes a high temperature gas, 
1 5 typically helium, cooled reactor and a power conversion unit which is 
connected together with the reactor in a closed loop and which includes 
a high pressure turbine, a low pressure turbine, a power turbine, a 
counterflow recuperator having a high pressure side and a low pressure 
side, each side having an inlet and an outlet, a low pressure compressor 
20 to which the low pressure turbine is drivingly connected, and a high 
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pressure compressor to which the high pressure turbine is drivingly 
connected, the method may include the steps of 

monitoring the temperature of the gas entering at least one of the 
high pressure turbine, the low pressure turbine, the power turbine and 
5 the low pressure side of the recuperator; and 

if the temperature of the gas entering the at least one of the high 
pressure turbine, low pressure turbine, power turbine, and low pressure 
side of the recuperator, exceeds a predetermined maximum temperature, 
mixing cooler gas with the gas the temperature of which has exceeded 
1 0 the predetermined maximum temperature, to reduce the temperature of 
the gas before it enters the at least one of the high pressure turbine, low 
pressure turbine, power turbine and low pressure side of the recuperator. 

When the reactor and the power conversion unit are connected 
together in a closed loop power generation circuit having a high 

1 5 temperature section and a low temperature section, the source of the 
cooler gas may be the low temperature section of the power generation 
circuit, the method then including feeding the cooler gas from the low 
temperature section of the power generation circuit to a position in the 
high temperature section of the circuit upstream of the at least one of 

20 the high pressure turbine, low pressure turbine, power turbine and low 
pressure side of the recuperator. 

The method may include regulating the flow of gas from the low 
temperature section of the circuit to the high temperature section of the 
circuit by means of at least one coolant valve. 

25 According to another aspect of the invention there is provided a 

nuclear power plant which includes 
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a high temperature gas cooled reactor and a power conversion unit 
connected together with the reactor in a closed loop power generation 
circuit; 

temperature sensing means for sensing the temperature of a gas 
5 entering at least one component of the power generation circuit; 

at least one coolant feed line leading from a source of coolant gas 
to a position upstream of the at least one component; and 

a coolant valve mounted in the coolant feed fine and arranged to 
regulate the flow of coolant gas through the coolant feed line in response 
10 to signals received from the temperature sensing means thereby to 
permit the temperature of the gas entering the at least one component 
to be regulated. 

The power conversion unit may include a high pressure turbine, a 
low pressure turbine, a power turbine, a counterf low recuperator having 

1 5 a high pressure and a low pressure side, each side having an inlet and an 
outlet, a low pressure compressor to which the low pressure turbine is 
drivingly connected, a high pressure compressor to which the high 
pressure turbine is drivingly connected, a pre-cooler positioned in series 
upstream of the low pressure compressor and an intercooler positioned 

20 between the low pressure compressor and the high pressure compressor, 
the power generation circuit having a high temperature section defined 
on the reactor side of the recuperator and a low temperature section 
defined on the other side of the recuperator, the plant including 

temperature sensing means for sensing the temperature of gas 

25 entering at least one of the high pressure turbine, low pressure turbine, 
power turbine and low pressure side of the recuperator; 

at least one coolant feedline extending from the low temperature 
section of the circuit to a position upstream of the at least one of the 
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high pressure turbine, low pressure turbine, power turbine and low 
pressure side of the recuperator; and 

a coolant valve mounted in the coolant feedline and arranged to 
regulate the flow of gas through the coolant feed line from the low 
5 temperature section of the circuit to the high temperature section of the 
circuit in response to a signal received from the temperature sensing 
means. 

More particularly, the reactor typically has an outlet which is 
connected to an inlet of the high pressure turbine, an outlet of the high 

1 0 pressure turbine being connected to an inlet of the low pressure turbine, 
an outlet of the low pressure turbine being connected to an inlet of the 
power turbine, an outlet of the power turbine beingconnected to an inlet 
of the low pressure side of the recuperator, an outlet of the low 
pressure side of the recuperator being connected via the pre-cooler to the 

15 inlet of the low pressure compressor, an outlet of the low pressure 
compressor being connected via the intercooler to an inlet of the high 
pressure compressor, an outlet of the high pressure compressor being 
connected to an inlet of the high pressure side of the recuperator and an 
outlet of the high pressure side of the recuperator being connected to an 

20 inlet of the reactor. 

A temperature sensing means, a coolant feedline and a coolant 
valve may be provided in respect of each of the high pressure turbine, 
the low pressure turbine, the power turbine and the inlet on the low 
pressure side of the recuperator to regulate the temperature of gas being 
25 fed thereto. 
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The coolant feedlines may each have an inlet which is connected 
to the low temperature section of the power generation circuit between 
the outlet of the low pressure compressor and the inlet of the high 
pressure side of the recuperator and an outlet which is connected to the 
5 high temperature section of the power generation circuit at a position 
upstream of the associated high pressure turbine, low pressure turbine, 
power turbine and inlet of the low pressure side of the recuperator, as 
the case may be. 

The power generation circuit may make use of a direct closed 
10 Brayton cycle as the thermodynamic conversion cycle. 

The reactor is typically of the pebble bed type having a core which 
includes a plurality of spherical fuel elements or pebbles. 

The Brayton cycle typically has a high temperature section and a 
lopw temperature section corresponding to the high temperature section 
1 5 and low temperature section respectively, of the power generation 
circuit. Typically, the transitions between the high temperature section 
and low temperature section occur within the recuperator. 

To facilitate control of the plant, a recirculation valve 
configuration and associated control system are designed to address the 
20 requirements of being able to operate under various load conditions and 
to accommodate abrupt loss of load with the minimum impact. 

The Inventor believes that the invention will find application 
particularly when mass flow through the reactor core is reduced resulting 
in a decrease in fluidic power. This can occur when the recirculation 
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valve configuration is opened in order to compensate for a reduction in 
power demand. As a result, the power delivered by the power turbine 
will decrease due to the bigger fraction of available power being 
consumed by the compressors as well as the decreased efficiency of the 
5 power turbine owing to the lower mass flow therethrough. As a result, 
the gas temperature entering the high pressure turbine, low pressure 
turbine, power turbine and low pressure side of the recuperator tend to 
increase. This is due to the fact that the reactor outlet temperature 
remains the same, but less heat is removed by the hfgh pressure turbine, 
10 low pressure turbine and power turbine. This increase in temperature 
can be compensated for making use of the coolant valves as described 
above. 

In addition, during decay heat removal, flow of helium is achieved 
by a start-up blower system. However, the start-up blower system 
1 5 delivers relatively lower flow rate than the compressors and as a result, 
the possibility of the temperature of the gas entering the turbines or 
recuperator increasing exists. Once again, the coolant valves can be 
used in the manner described above to regulate the temperature of gas 
entering the various components. 

20 The invention will now be described, by way of example, with 

reference to the accompanying diagrammatic drawing which shows a 
schematic representation of part of a nuclear power plant in accordance 
with the invention. 

In the drawing, reference numeral 10 refers generally to part of a 
25 nuclear power plant in accordance with the invention. 
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The nuclear power plant 10 includes a closed loop power 
generation circuit, generally indicated by reference numeral 12. The 
power generation circuit 12 includes a nuclear reactor 14 and a power 
conversion unit, generally indicated by reference numeral 16. 

5 The power conversion unit 1 6 includes a high pressure turbine 1 8, 

a low pressure turbine 20, a power turbine 22, a counterf low recuperator 
24, a pre-cooler 26, a low pressure compressor 28, an intercooler 30 
and a high pressure compressor 32. 

The reactor 14 is a high temperature helium cooled pebble bed 
10 reactor making use of spherical fuel elements. The reactor 14 has an 
inlet 14.1 and an outlet 14.2. 

The high pressure turbine 18 is drivingly connected to the high 
pressure compressor 32 and has an upstream side or inlet 18.1 and a 
downstream side or outlet 18.2, the inlet 18.1 being connected to the 
15 outlet 14.2 of the reactor 14. 

The low pressure turbine 20 is drivingly connected to the low 
pressure compressor 28 and has an upstream side or inlet 20.1 and a 
downstream side or outlet 20.2, The inlet 20.1 is connected to the 
outlet 18.2 of the high pressure turbine 18. 

20 The nuclear power plant 10 includes a generator, generally 

indicated by reference numeral 34 to which the power turbine 22 is 
drivingly connected. The power turbine 22 includes an upstream side 
or inlet 22.1 and a downstream side or outlet 22.2. The inlet 22.1 of 
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the power turbine 22 is connected to the outlet 20.2 of the low pressure 
turbine 20. 

The recuperator 24 has a low pressure side 36 and a high pressure 
side 38. The low pressure side of the recuperator 36 has an inlet 36.1 
5 and an outlet 36.2. The inlet 36.1 of the low pressure side is connected 
to the outlet 22.2 of the power turbine 22. 

The pre-cooler 26 is a helium to water heat exchanger and 
includes a helium inlet 26.1 and a helium outlet 26.2. The inlet 26.1 of 
the pre-cooler 26 is connected to the outlet 36.2 of the low pressure 
10 side 36 of the recuperator 24. 

The low pressure compressor 28 has an upstream side or inlet 
28.1 and a downstream side or outlet 28.2. The inlet 28.1 of the low 
pressure compressor 28 is connected to the helium outlet 26.2 of the 
pre-cooler 26. 

15 The intercooler 30 is a helium to water heat exchanger and 

includes a helium inlet 30.1 and a helium outlet 30.2. The helium inlet 
30. 1 is connected to the outlet 28.2 of the low pressure compressor 28. 

The high pressure compressor 32 includes an upstream side or 
inlet 32.1 and a downstream side or outlet 32.2. The inlet 32.1 of the 
20 high pressure compressor 32 is connected to the helium outlet 30.2 of 
the intercooler 30. The outlet 32.2 of the high pressure compressor 32 
is connected to an inlet 38. 1 of high pressure side of the recuperator 24. 
An outlet 38.2 of the high pressure side of the recuperator 24 is 
connected to the inlet 14.1 of the reactor 14. 
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The nuclear power plant 10 includes a start-up blower system, 
generally indicated by reference numeral 40, connected between the 
outlet 36.2 of the low pressure side 36 of the recuperator 24 and the 
inlet 26.1 of the pre-cooler 26. 

5 The start-up blower system 40 includes a normally open start-up 

system in line valve 42 which is connected in line between the outlet 
36.2 of the low pressure side of the recuperator and the inlet 26. 1 of the 
pre-cooler 26. 

A low pressure compressor recirculation line 48 extends from a 
1 0 position between the outlet or downstream side 28.2 of the low pressure 
compressor 28 and the inlet 30.1 of the intercooler 30 to a position 
between the start-up blower system 40 and the inlet 26.1 of the pre- 
cooler 26. A normally closed low pressure recirculation valve 
arrangement 50 is mounted in the low pressure compressor recirculation 
15 line 48. 

A high pressure compressor recirculation line 52 extends from a 
position between the outlet or downstream side of 32.2 of the high 
pressure compressor and the inlet 38.1 of the high pressure side 38 of 
the recuperator 24 to a position between the outlet or downstream side 
20 28.2 of the low pressure compressor 28 and the inlet 30.1 of the 
intercooler 30. A normally closed high pressure recirculation valve 
arrangement 53 is mounted in the high pressure compressor recirculation 
line 52. 

The power generation circuit 12 hence has a high temperature 
25 section, generally indicated by reference numeral 60 which is on the 
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reactor side of the recuperator 36 and a low temperature section, 
generally indicated by reference numeral 62 which is on the other side 
of the recuperator 36. The transitions between the high temperature 
section 60 and the low temperature section 62 typically occur at the 
5 recuperator 36. 

The plant 10 includes four coolant feed lines 64, 66, 68, 70 in 
each of which a coolant valve 72, 74, 76, 78, respectively, is mounted. 

In the embodiment shown, the coolant feed lines 64, 66, 68, 70 
extend from a position between the outlet 32.2 of the high pressure 

10 compressor 32 and the inlet 38.1 of the low pressure side 38 of the 
recuperator 24 to positions upstream of the high pressure turbine 1 8, 
low pressure turbine 20, power turbine 22 and low pressure side 36 of 
the recuperator 24, respectively. The coolant feed lines could in fact 
lead from any position between the outlet 28.2 of the low pressure 

1 5 compressor and the inlet 38.1 . 

The plant 10 further includes temperature sensing means in the 
form of sensors 73, 75, 77, 79 for sensing the temperature of helium 
entering the high pressure turbine 18, low pressure turbine 20, power 
turbine 22 and low pressure side 36 of the recuperator 24, respectively. 

20 The temperature sensor 73 associated with the high pressure turbine is 
operatively connected to the coolant valve 72 to control the operation 
thereof. Similarly, the temperature sensors 75, 77, 79 associated with 
the low pressure turbine 20, power turbine 22 and low pressure side 36 
of the recuperator 26 are operatively connected to the coolant valves 74, 

25 76, 78, respectively. 
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The plant 10 which makes use of a Brayton cycle as the 
thermodynamic conversion cycle is designed for operation under various 
load conditions. The load conditions might vary from ordinary and 
frequent load variations, to a complete loss of load. The focus during 
5 these changes in load will be on keeping the plant synchronized with and 
connected to an electrical distribution grid, whilst keeping the Brayton 
cycle self-sustaining. This is desirable to ensure that the plant 10 can 
react promptly to demand variations. During normal operation, regular 
changes in required delivery are foreseen, and the plant is therefore 

10 designed to be able to accommodate the load changes with minimum 
impact on plant operation. The plant 10 is furthermore designed to be 
capable of accommodating an abrupt loss of load whilst again still 
remaining synchronized and connected to the grid, with the Brayton 
cycle continuing to be self-sustaining. This will typically result in the 

1 5 case of the power levels approaching zero with minimal or no delivery to 
the grid. 

To this end the recirculation valve arrangements 50, 53 can be 
used to regulate the power output of the plant 10. 

Accordingly, if there is a reduction in power demand, then one or 
20 both of the recirculation valve arrangement 50, 53 is opened. This 
results in reduced mass IfIow through the reactor core and therefore a 
decrease in fluidic power. The power delivered by the power turbine 22 
will decrease due to the bigger fraction of available power being 
consumed by the turbo machines 28, 32 as well as the decreased 
25 efficiency of the power turbine 22 owing to the lower mass flow 
therethrough. In this case, the electrical power generated can be 
controlled and adjusted relatively quickly. However, when the power 
generated is reduced making use of the recirculation valves, the gas 
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temperature entering the high pressure turbine 1 8, low pressure turbine 
20, power turbine 22 and low pressure side 36 of the recuperator 24 
tend to increase. This is due to the fact that the reactor outlet 
temperature remains the same, but less heat is removed by the high 
5 pressure turbine 18, low pressure turbine 20 and power turbine 22. 

However, in order to avoid possible damage to the turbines 18, 
20, 22 or the recuperator 24, it is desirable that the maximum 
temperature of gas entering these components not exceed a 
predetermined maximum temperature (eg of the order of 600°C in the 

10 case of the recuperator 24). Accordingly, the temperature sensors73, 
75, 77, 79 associated with each of these components sense the 
temperature of gas entering the associated components. Should the 
temperature of the gas exceed a predetermined maximum temperature, 
then the associated coolant valve 72, 74, 76, 78 is opened thereby to 

15 feed cooler helium from the low temperature section 62 to the high 
temperature section 60 which is mixed with the high temperature helium 
prior to its introduction into the turbine 1 8, 20, 22 or the recuperator 24, 
as the case may be. 

In this way, the temperature of the gas entering the components 
20 can be maintained at a temperature below the predetermined maximum 
temperature thereby avoiding overheating and possible damage of the 
components on the high temperature section of the power generation 
circuit 1 2. 

A secondary advantage associated with the opening of the coolant 
25 valves 72, 74, 76, 78 is that they will augment the compressor 
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recirculation valve power control process, as the coolant valves will in 
fact be acting as additional recirculation valves. 

In addition to being used during normal operation of the plant, in 
the manner described above, the coolant valves 72, 74, 76, 78 can also 
5 be used during the process of decay heat removal. During decay heat 
removal the start-up blower system 40 is operational and is used to 
remove heat from the core. The start-up blower system 40 delivers 
relatively lower flow rates than the compressors 28, 33 and therefor the 
same situation as described above, ie the possibility of the temperature 

1 0 of the gas entering the turbines 1 8, 20, 22 or recuperator 24 exceeding 
the predetermined maximum temperature exists. Once again, the coolant 
valves 72, 74, 76, 78 can be used in the manner described above to 
regulate the temperature of gas entering the various components by 
mixing helium from the low temperature section of the power generation 

15 circuit with the high temperature gas stream. 

It will be appreciated that, although the coolant valves 72, 74, 76, 
78 have been described as single valves, they may in fact each comprise 
a valve set. The valve sets could include combinations of differently 
sized control valves or any other arrangement. Further, the control of 
20 the valves may be such that the valves can be used separately or in any 
required combination. 

The Inventor believes that the invention will permit the plant to 
accommodate variations in load demand quickly and safely. It will also 
enable the removal of decay heat from the reactor, without causing 
25 damage to equipment in the high temperature section by exposure to 
temperatures above the maximum desired temperatures. 
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CLAIMS: 

1 . In a nuclear power plant which uses gas as the working fluid, 
there is provided a method of operating the nuclear power plant, which 
includes the steps of 

5 monitoring the temperature of the gas entering at least one of the 

components of the power plant; and 

if the temperature of the gas entering the at least one component 
of the power plant exceeds a predetermined maximum temperature, 
mixing cooler gas with the gas whose temperature has exceeded the 
10 predetermined maximum temperature, to reduce the temperature of the 
gas before it enters the at least one component. 

2. A method as claimed in claim 1, which, when the nuclear power 
plant includes a high temperature gas cooled reactor and a power 
conversion unit which is connected together with the reactor in a closed 

15 loop and includes a high pressure turbine, a low pressure turbine, a 
power turbine, a counterflow recuperator having a high pressure side and 
a low pressure side, each side having an inlet and an outlet, a low 
pressure compressor to which the low pressure turbine is drivingly 
connected, and a high pressure compressor to which the high pressure 

20 turbine is drivingly connected, includes the steps of 

monitoring the temperature of the gas entering at least one of the 
high pressure turbine, the low pressure turbine, the power turbine and 
the low pressure side of the recuperator; and 

if the temperature of the gas entering the at least one of the high 

25 pressure turbine, low pressure turbine, power turbine, and low pressure 
side of the recuperator, exceeds a predetermined maximum temperature, 
mixing cooler gas with the gas the temperature of which has exceeded 
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the predetermined maximum temperature, to reduce the temperature of 
the gas before it enters the at least one of the high pressure turbine, low 
pressure turbine, power turbine and low pressure side of the recuperator. 

3. A method as claimed in claim 2, which, when the reactor and the 
5 power conversion unit are connected together in a closed loop power 

generation circuit having a high temperature section and a low 
temperature section, includes feeding the cooler gas from the low 
temperature section of the power generation circuit to a position in the 
high temperature section of the circuit upstream of the at least one of 
10 the high pressure turbine, low pressure turbine, power turbine and low 
pressure side of the recuperator. 

4. A method as claimed in claim 3, which includes regulating the flow 
of gas from the low temperature section of the circuit to the high 
temperature section of the circuit by means of at least one coolant valve. 

5. A nuclear power plant which includes 
a high temperature gas cooled reactor and a power conversion unit 

connected together with the reactor in a closed loop power generation 
circuit; 

temperature sensing means for sensing the temperature of a gas 
entering at least one component of the power generation circuit; 

at least one coolant feed line leading from a source of coolant gas 
to a position upstream of the at least one component; and 

a coolant valve mounted in the coolant feed line and arranged to 
regulate the flow of coolant gas through the coolant feed line in response 
to signals received from the temperature sensing means thereby to 



15 
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permit the temperature of the gas entering the at least one component 
to be regulated. 

6. A nuclear power plant as claimed in claim 5, in which the power 
conversion unit includes a high pressure turbine, a low pressure turbine, 
5 a power turbine, a counterflow recuperator having a high pressure and 
a low pressure side, each side having an inlet and an outlet, a low 
pressure compressor to which the low pressure turbine is drivingly 
connected, a high pressure compressor to which the high pressure 
turbine is drivingly connected, a pre-cooler positioned in series upstream 

10 of the fow pressure compressor and an intercooler positioned between 
the low pressure compressor and high pressure compressor, the power 
generation circuit having a high temperature section defined on the 
reactor side of the recuperator and a low temperature section defined on 
the other side of the recuperator, the plant including 

15 temperature sensing means for sensing the temperature of gas 

entering at least one of the high pressure turbine, low pressure turbine, 
power turbine and low pressure side of the recuperator; 

at least one coolant feedline extending from the low temperature 
section of the circuit to a position upstream of the at least one of the 

20 high pressure turbine, low pressure turbine, power turbine and low 
pressure side of the recuperator; and 

a coolant valve mounted in the coolant feedline and arranged to 
regulate the flow of gas through the coolant feed line from the low 
temperature section of the circuit to the high temperature section of the 

25 circuit in response to a signal received from the temperature sensing 
means. 
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7. A nuclear power plant as claimed in claim 6, in which a 
temperature sensing means, a coolant feedline and a coolant valve are 
provided in respect of each of the high pressure turbine, the low pressure 
turbine, the power turbine and the inlet on the low pressure side of the 

5 recuperator to regulate the temperature of gas being fed thereto. 

8. A nuclear power plant as claimed in claim 7, in which the coolant 
feedlines each have an inlet which is connected to the low temperature 
section of the power generation circuit between the outlet of the low 
pressure compressor and the inlet of the high pressure side of the 

10 recuperator and an outlet which is connected to the high temperature 
section of the power generator circuit at a position upstream of the 
associated high pressure turbine, low pressure turbine, power turbine and 
inlet of the low pressure side of the recuperator, as the case may be. 

9. A method of operating a nuclear power plant as claimed in claim 
15 1, substantially as described and illustrated herein. 

10. A nuclear power plant as claimed in claim 5, substantially as 
described and illustrated herein. 

11. A new method or plant substantially as described herein. 
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